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Air-Blast Circuit-Breakers. 


By A. R. BLANDFORD, M.LE.E., Chief Engineer and Manager, Switchgear Department. 
(Abstract of Paper read before the Institute of Electrical Engineers, London, 4th Murch, 1943.) 


Of the many forms of circuit-breakers using 
various extinguishing media which have been 
developed, only the two forms, oil and air-blast, 
have found general favour, and of these the grow- 
ing popularity of air is accounted for by a proper 
appreciation of its superiority in principle of 
operation and behaviour. The inherent advant- 
ages can be stated in the following order of 
merit :— 

Freedom from explosion. 

Elimination of oil fire hazard. 

Mechanical simplicity. 

Suitability for duties 
operation. 

Cleanliness of maintenance and operation. 

Reduced maintenance. 

Facility for power closing. 


requiring frequent 


MECHANICAL SIMPLICITY. 


The mechanism of oil circuit-breakers must 
always possess sufficient strength to retain the 
breaker in the closed position against the ever- 
present considerable opening forces, and upon 
closing, these forces, plus the magnetic forces, 
have to be overcome with sufficient margin to 
give the required acceleration to ensure a satis- 
factory speed on * making.” Further, as there 
is always a tendency to open, the moving contact 
members have to be retained by a system of 
toggles and/or catches which serve to provide a 
mechanical reduction in load to permit tripping 
from the comparatively small effort usually de- 
rived from trip coils. In comparison, the air-blast 
breaker can be easily arranged for the opening 
force to be present only while the breaker is 
actually performing its opening operation, making 
possible a drastic reduction in the mass and 
strength of the moving contact system ; also by 
suitable arrangement of the conducting elements 
to safeguard against opening magnetically, toggles 


and catches can be eliminated. Thus, in addition 
to simplification of the mechanism, the power 
necessary to open”’ or close’ is considerably 
reduced. 

FREQUENT OPERATION. 

Since the extinguishing medium is supplied 
fresh at each operation and as the are energy at 
operation is many times less than with an oil 
circuit-breaker, the air-blast breaker is particu- 
larly suited to conditions where frequent operation 
is required, and as many as 20,000 load operations 
might reasonably be expected from well-designed 
contacts. 

FOR CLOSING. 


Being provided with the same source of energy 
for both closing and opening, auxiliaries such as 
solenoid-operating gear, spring or hand-closing 
mechanisms and high-capacity batteries with 
their regulation problems are no longer necessary. 

It has long since been recognised that com- 
pressed air forms a very suitable means for closing 
circuit-breakers, and many installations of oil 
circuit-breakers employing this method of closing 
are in service to-day. Two types have been 
used, one incorporating an air motor coupled to 
the circuit-breaker mechanism, and the other 
having the mechanism connected direct to 
pistons. In both cases control of the air supply 
is achieved by electro-pneumatic relays similar 
to those used for the control of air-blast circuit- 
breakers. 


Types or Atr-Biast Crrcvurt- BREAKERS. 


There are mainly two types—the cross-blast 
and the axial-blast. 
divided into— 

(1) where isolation is provided by the inter- 

rupting contact, and 

(2) where isolation is achieved by a separate 

isolating device. 


The latter can be sub- 
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Fig. 1.—Interrupting chamber of cross-blast circuit-breaker, 
showing shape of arc. 


THE Cross-BLast (See Fig. 1.) 


This has mainly been developed in America 
where it is claimed to be suitable to their system 
requirements which involve higher values of 
short-circuit currents and higher rates of rise of 
recovery voltage than in other countries. Apart 
from the cross-blast principle, a form of are 
chute with insulating are barriers for cutting the 
are into sections is incorporated. This design 
could be rightly called partly an air-blast and 
partly an are-chute breaker. Much of the work 
of are interruption would be carried out by the are 
chute, and this would tend to increase the are 
lengths and the noise in operation. 


The main disadvantage in the design seems 
to be the inclusion of destructible material in 
contact with the are which, in course of time and 
after a number of operations, must affect its 
behaviour. It is considered better practice to 
rely solely on the use of air as the extinguishing 
medium which, being readily and automatically 
replaceable, should improve stability of opera- 
tion. This is of importance for duties requiring 
very frequent operation. 


AXIAL-Buast Crrcuit- BREAKERS. 

As previously mentioned, there are two types 
of axial-blast circuit-breaker, i.e., with and 
without separate isolating devices. When a 
separate isolating device is employed, the moving 
contact needs only to travel a relatively small 
distance to attain a gap capable of withstanding 
the maximum voltage likely to arise under 
switching conditions whilst the interrupting 
chamber is under pressure. The separate iso- 
lating switch then provides the necessary safety 
clearance at atmospheric pressure. Where separ- 
ate isolation is not relied upon, the moving 
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contact is required to travel the full distance to 
provide the desired safety clearance. 


During the course of many tests, it became 
obvious that the root of the are must lie within 
the zone of highest air velocity (see Fig. 2), the 
moving contact should, therefore, move into this 
position as quickly as possible and remain there 
for a short space of time. With the type com- 
bining the interrupting contacts with the isolating 
device, this can only occur at one point in the 
travel and for too short a space of time, unless 
some mechanical means with its complications 
is provided to introduce a pause of its equivalent 
at this critical point in the travel. Without such 
means, it is considered that this type of breaker 
would be very susceptible to varying rates of rise 
of recovery voltage. 


COMPARISONS IN MAKING CAPACITY. 

The air-blast circuit-breaker has to ‘ make ” 
at atmospheric pressure, i.e., in a very much 
lower value of di-electric than that in which it 
* breaks.” This is not the case with the oil 
circuit-breaker which, when ‘* making,” does so 
under similar or even better conditions than those 
under which it “ breaks.” The axial air-blast 
circuit-breaker to ensure efficient interruption 
requires a streamlined contact, and it can well 
be understood that this type of contact need 
not be the most suitable type for *‘ making.” By 
employing a separate isolating device which can 
be used for *‘ making,” the designer is, therefore, 
left free to utilise the most efficient form of 
contact for both the making ” and breaking 
conditions. Due to the absence of air control to 
take care of the pre-arcing likely to arise on 
‘‘ making,”’ it is considered preferable to ‘‘ make ” 
under the open conditions rather than in the 
enclosed interrupter chamber. Further, the 


Fig. 2.—Influence of air flow on contact position. 


(1) Too small travel. The contact extremity is not in maxi- 

mum flow of air. (2) Too large travel. The contact ex- 

tremity is not in maximun flow of air. (3) Ideal travel. 
The contact extremity is at the point of greatest air flow. 
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“ making ”’ contacts can then be readily inspected, 
and dividing the two duties between two sets of 
contacts gives increased length of life. 


THEORY OF OPERATION AND DesIGN. 

It is known that the di-electric strength of 
air increases with its pressure, and with this 
knowledge the minimum travel required for a 
given voltage condition at a given pressure can 
be readily established by test. This travel may 
require to be increased for other reasons than the 
di-electric strength of the are gap. In the case 
of a high-power breaker for a comparatively low 
voltage, the are gap would be controlled by the 
area of the port in order not to restrict the 
velocity. 

There has been much discussion as to whether 
the air-blast circuit-breaker functions according 
to the diffusion or the displacement theory. In 
the author’s opinion, both theories are employed 
according to the literal meaning of * displace- 
ment.”’ The increase of conduction due to the 
more rapid mixing of the hot and cold gases and 
the simultaneous sweeping away or displacement 
of the hot are products through the exhaust 
chambers, combine to serve their purpose in the 
action of are interruption. Turbulence, one of the 
theories of are interuption applied to oil circuit- 
breakers, must not be created in the are path of 
axial-blast breakers as such phenomena tend to 
produce “soft” or “flat” spots in the air 
stream and so affect the efficiency of are inter- 
ruption. The sudden expansion of the air in the 
are zone produces a drastic cooling effect and 
further accelerates the action of interruption by 
de-ionisation, assisting in the rapid recovery 
of the di-electric to prevent further restriking 
after the first current zero. From this it will be 
understood that are interrup- 
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this period it may never occur. 


circuit-breaker operates on a falling pressure. 


This consistency in arcing time is a welcome 
change from the behaviour of the majority of types 
of oil circuit-breakers which, by their comparative 
inconsistency over a range of short-circuit current 
values have increased the problems of the pro- 
make 
allowances in time discrimination for possible 
Many hundreds 
of tests have proved the consistent behaviour of 


tective gear engineer, forcing him to 


varying values of fault currents. 


air-blast breakers in this respect. 


The theory of operation is of the greatest 
importance to designers, as until it is fully 
understood designs can only be determined by 
lengthy and expensive methods of testing which 
form no small part of the ultimate cost to the 
A clearer and better understanding 
of the problem will enable designers to predict 
behaviour with greater accuracy and, by extra- 
polation, even to powers outside the limits of 
existing test stations with a resultant saving in 
In fact, the time is looked for when it will 
be possible to carry out tests at comparatively 
low values of current and voltage with reduced 
air pressure, and so enable the rating to be 
certified as a routine test without the use of 


purchaser. 


cost. 


large power testing plants. 


From time to time, many curves have been 
relation 
between air pressure and interrupting ability, 
and between the area of port orifice and the 
Such curves can be very 
misleading as readers may interpret them as 


reproduced purporting to give the 


interrupting ability. 


tion with an air-blast breaker I 


is achieved in a similar manner 


Such a breaker 
would be operating in a very critical manner as 
unlike the oil circuit-breaker in which additional 
arcing creates a rising pressure, the air-blast 


to that in the liquid circuit- 


breaker, in that the arc is 


cooled by gases and vapours, tL 


but with this profound differ- 


ence in the generation and 


composition of the cooling 7 


media. In the one case there 


is a liquid—oil or water— 


which is prepared and put 


into action by the are and in 


the other this time-absorbing 


preparation is eliminated by t 
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having the cooling gas stored eee 
in readiness. Under satis- 


factory conditions of  inter- 


ruption the main are should 


be extinguished at the first 


4t4 


i] 


current zero after a } cycle of 


arcing, and should, therefore, 


a 


never exceed } cycle. If are 


extinction is not achieved in 


Fig. 3.—Timing curve and pressure-wave standard of standard type air-blast 
cireuit-breaker. 


Measurement taken on left-hand pole. 


= 
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being suitable for general application. This is 
not the case, as the port area is related to travel 
and both are related to air pressure for optimum 
rupturing capacities. There would be little 
satisfaction for designers who attempted to use 
such curves as the basis of calculation to enable 
the performance to be determined other than by 
extensive and prolonged testing methods. 


The elimination of dynamic effects in the air 
pressure effecting velocity is one of the greatest 
problems in air-blast circuit-breaker design. The 
release of air into the closed interrupter chamber, 
followed by the rapid opening of the port, tends 
to set up oscillations in the pressure and velocity 
which considerably affect the efficiency of arc 
interruption. These effects are not so pronounced 
in the lower voltage breakers, owing to the 
shorter length of feed pipes, etc., but at the 
higher voltages with the lower frequency of 
oscillation the consequences of such oscillations are 
very marked and can only be rendered ineffective 
by thoroughness in testing. Fig. 3 illustrates a 
typical pressure wave measured at the nearest 
point to the are gap in a standard interrupting 
unit. 


Rate oF Risk oF RECOVERY VOLTAGE. 


While considerable work has been carried out 
on the investigation of system rates, 
this work is not sufficiently advanced 
nor sufficiently comprehensive to enable 
at the present time any specific values 
to be assessed for the varying system 
conditions. However, it is well-known 
that for satisfactory operation to be 
achieved the rate of recovery of the di- 


THE ENGLISH ELECTRIC JOURNAL 


although it may provide unnecessarily high factors 
of safety. Whena more comprehensive study has 
been made of this phenomenon, it may be necessary 
in the interests of economy to review the position 
in an endeavour to fix specific standard values 
for testing. Much can be done between testing 
stations in establishing standard rates to which 
future testing of both oil and air-blast circuit- 
breakers can be conducted. 

It is also earnestly recommended that greater 
consideration should be given to power station 
and system lay-outs with a view to keeping the 
rates of rise of recovery voltage down to a mini- 
mum. Much valuable work in this respect is 
possible and it calls for collaboration between 
manufacturers and users again in the interests of 
economy. 

As air-blast circuit-breakers are more critical 
to rate of rise of recovery voltage, consideration 
must be given to the methods to be adopted to 
make them suitable for even the worst conditions 
of service. Two alternatives are open to us; 
we can either (a) increase the forces of inter- 
ruption, or (b) apply resistances for automatic 
connection in parallel with the arc. 

(a) It is suggested that by the application of 

an are chute the cross-blast breaker can be 


Main ore. 

Resistonce arc. 

Line terminal ~ 

Resistance connection, Arcleting 
Air Su ‘or 


electric must always be more rapid than t 
the voltage recovery rate of the circuit. 
Furthermore, the rate at which the 
recovery voltage rises, increases with 
the di-electric strength of the are path. 
As air-blast circuit-breakers, whether 
of the cross or axial-blast type, have 
a much higher rate of increase of di- 
electric than the oil circuit-breaker, and 
as previously explained, additional 
arcing time is undesirable, it follows 
that both cross and axial-blast types are 
more critical to this circuit character- 
istic. Some Continental manufacturers 
acknowledge this and have declared 
their products as being suitable for ap- 
plication on circuits having a natural 
frequency not exceeding 10,000 cycles. 
This is purely an arbitrary value, and 
with the limited knowledge available, 
it is felt that for the present English 
practice should be confined to testing 
air-blast circuit-breakers with the test 
circuit free from the control of damping 
devices. This does at least ensure the 
present high standard being maintained 
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Resistor. 
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Iscloting 
Switch, 


| Arc flow. 
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Aic tank 


valve. 


Fig. 4.— Diagram of air flow in 11-kV, 500-MV A air-blast 


circuit-breaker. 
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classified in this field, the are chute pro- 
viding the additional forces required. 
(b) It has long been known that limitation of 
the fault current to a predetermined value, 
prior to final interruption, provides a simple 
and reliable method for controlling the rate 
of rise of recovery voltage. 


~— 


However, owing to the difficulty of constructing 
satisfactory resistances for the higher voltages, 
it is recommended that for all voltages up to and 
including 33 kV., the resistance method should 
be employed, and for all voltages above this 
value, the breaker should be designed with 
sufficient margin to deal with the severe values 
of the rate of rise of recovery voltage of the test 
circuit. 


Maximum VALUES OF RECOVERY VOLTAGES. 


It is sometimes considered that air-blast 
circuit-breakers are more prone to create higher 
voltage surges than oil circuit-breakers, particu- 
larly when dealing with low values of current, 
such as transformer magnetising currents. Over- 
voltages do not reach very high values when 
operations are carried out under short-circuit 
conditions. 


The table in the adjacent column gives results 
obtained when dealing with low values of short- 
circuit currents and magnetising currents on a 
very severe circuit controlled by air and oil circuit- 
breakers. It will be seen the values of over- 
voltage vary between 150 and 400 per cent. of the 
normal rated voltage. The comparative tables 
show there is no great difference between the 
values of over-voltage measured with both types 
of breakers and it proves that the oil cireuit-breaker 
as well as the air-blast circuit-breaker is equally 
capable of breaking such currents before their 
normal passage through zero. In these tests, the 
air-blast breaker was not fitted with parallel 


0-01 SEC. 
INTERVALS 


VOLTAGE ZERO 


INCIDENCE | \ | 
OF SHORT- \ VU \ / 
CIRCUIT V 
CURRENT IN CURRENT IN 
MAIN ARC RESISTANCE 
— 


Fig. 5.—Magnetic oscillogram, showing current in 
main and resistance ares. 
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TABLE. 
COMPARISON OF OVER-VOLTAGE BETWEEN OIL 
Circuit-BREAKER WITH ARC-CONTROL DEVICES, 
AND AtrR-BLAst Crrcuit-BREAKER WITHOUT 


RESISTORS. 
Sphere Gap. 
Break- Average Average Are 
No. down No, Symme- tecov- Power Dura- 
of Setting of trical ery Factor tion. 
Tests, RMs. Break- | Breaking Voltage. 
downs. | Current. 1/100 
kV. | A. kV. cos. O. see, 
Oil Cireuit- Breakers : Short-Cireuit Tests. 
3 80 l 16 20 0.05 5.0 
6 90 0 
6 30 l 12 20 0.3 3.0 
6 40 0 
2 30 ] Is 19 0.65 3.5 
6 40 0 
3 30 l 9 20 0.65 3.0 
6 40 0 | 
6 30 1 4 19 0.65 2.1 
6 40 0 


Air- Blast Cireuit-Breaker : Short-Circuit Tests. 


6 70 


| I | 16 20 0.05 | 0.8 
6 so | O | 
l 50 | 19 03 | 0.7 
6 60 0 | 
l 50 l 20 19 | 0.65 0.7 
6 60 0 | 
2 40 l 11 19 0.65 0.7 
6 | 50 0 | 
6 40 l 5 19 0.65 0.5 
6 50 0 | 


Air- Blast Cirewit-Breaker : Magnetising Current 


Tests. 
2 | 30 l Is 19 0.3 O05 
6 | 40 0 
l 30 l 3 19 0.65 0.7 
6 40 0 | 
6 30 0 | 1 19 | 0.65 0.5 


resistances. The comments under “ Rates of 
Rise of Recovery Voltages”? and Resistance 
Switching” show how the over-voltages can be 
limited to harmless values by the simple break- 
down of the resistance gap. 
RESISTANCE SWITCHING. 

Control of the are by air-blast provides a very 
convenient method for adapting resistance switch- 
ing to circuit-breakers of this type. As just 


— 

\y | \ 
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terminals during breaker operation is 
proportional to the current interrupted 
it can be understood that the damping 
of the recovery voltage will decrease 


Fig. 6.—Cathode-ray oscillogram, showing rate of rise of recovery 
voltage obtained on air-blast circuit-breaker fitted with damping 


resistor. 


explained, inherently they are more critical to 
rates of rise of recovery voltage than oil-circuit 
breakers, and by the addition of a resistance, the 
interrupting action can be arranged so as to be 
independent of the system characteristics. 
To be effective, the resistance must be 
connected in parallel with the are, and 
as shown in Fig. 4 this is accomplished 
by placing an electrode above the orifice 
of the stationary contact in the direction 
of the are and the air flow. The resist- 
ance is wound non-inductively and one 
end is connected to the electrode and 
the other is connected to the moving 
contact. When the arc is formed, the 
gap between the electrode and the fixed 
contact is of low breakdown value and 
consequently the recovery voltage ap- 
pearing across the main contacts after 
are interruption readily breaks down the 
gap inserting the resistance in parallel 
with the are path. The resistance are 
which is of a comparatively low current 
value is extinguished by the follow-up 
of fresh un-ionised air. By this means, 
the power factor at final interruption 
is considerably improved and the rate of rise of 
recovery voltage appearing across the contacts 
can be controlled to a reasonable value. As 
the effect of the damping resistance upon the rate 
of rise of recovery voltage appearing across the 


when interrupting values of current below 
those corresponding to the maximum 
rating of the breaker. The value of 
resistance must, therefore, be suitable 
for all variations of current likely to 
arise in service. The ohmic value used 
will depend upon the accommodation 
afforded by the design, but normally 
there should be no difficulty in providing 
a value of resistance such that the rate 
of rise of recovery voltage could be 
controlled to a value of 50 volts per 
micro-second at the maximum R.M.S._short- 
circuit current for 11 kV. service. Fig. 5 shows 
a representative oscillogram of a short-circuit 
test made on an air-blast breaker fitted with 


0005 Secs. 


Fig. 7.—Comparative oscillogram with Fig. 6; air-blast 


circuit-breaker not fitted with damping resistor. 


resistance as indicated in Fig. 4; Figs. 6 and 7 
show cathode-ray oscillagrams indicating the 
rate of rise of recovery voltage on an air-blast 
damping 


circuit-breaker, with without 
resistances on the same test circuit. 
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The Testing of 


By R. W. HAYWOOD, M.A., B.Sc., 


Steam Turbines. 
Wh.Sc., Chief Turbine Test Engineer. 


Fig. 1.—Model of 30,000 kW. Turbo-alternator plant, showing turbine, 
condenser and high-pressure feed heaters. 


Following the article in the December, 1942, 
issue of this Journal on the erection and com- 
missioning of steam turbine plant, the present 
article deals appropriately with the testing of 
such plant after it has been put into service. 
These tests fulfil several purposes. Primarily 
they are intended to satisfy the purchaser that 
the supplier has met his contractual liabilities, 
but they also provide valuable data on which the 
future operation of the plant can be based and 
checked. Furthermore, to the designers they 
supply the technical data from which existing 
methods of design can be checked, and the value 
of new features assessed. 

The chief aim is to establish the steam con- 
sumption of the plant under the test conditions. 
From this the heat consumption can be calculated 
by multiplying the steam consumption by the heat 
input, the latter being the difference between the 
total heat of the steam at the turbine stop valve 
and the sensible heat in the feed at the outlet 


from the last heater. These consumptions may 
then be corrected back to the specified conditions 
by means of correction curves. 

The test steam consumption is established by 
measuring the load, condensate quantity, inlet 
pressure and temperature, vacuum, and final feed 
temperature, the correction curves enabling the 
consumption to be corrected for departures of the 
actual values of these variables from the specified 
values. Many other readings will also be taken 
on all the component items of the plant, but the 
above are those essential for an accurate deter- 
mination of the corrected steam and heat cun- 
sumptions. The methods by which these measure- 
ments are made are set out in full in the British 
Standard Test Code for Acceptance Tests for 
Steam Turbines, B.S.S. 752-1940. With the data 
contained in this test code, the measurement of 
pressure, temperature and electrical output is 
quite straightforward, but the accurate deter- 
mination of the steam flow in a modern plant is 
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Fig. 2.—Model of 30,000 kW. Turbo-alternator plant, showing boiler feed pumps, 
direct contact low-pressure feed heaters, evaporator and air ejectors. 


beset by many practical difficulties, 
and the present article is chiefly 
concerned with a survey of this 
particular problem. 


METHOD OF CONDENSATE 
MEASUREMENT. 


As the measurement of steam flow 
is inherently less accurate than the 
measurement of water flow, the 
quantity of steam passing to the 
turbine is determined by measuring 
it as condensate, except of course 
in the case of back-pressure or 
pass-out turbines. In the modern 
large unit with which this article is 
chiefly concerned, the measurement 
of the condensate quantity during 
an official trial is made either by 
means of a special test Venturi 
meter or by weigh tanks. It is 
always possible to use a Venturi 
meter for the purpose, but there are 
occasions when it is impracticable 
to use weigh tanks owing to the 
nature of the feed system. 


In Fig. 3 are sketched the out- 
lines of typical feed heating systems 
in use to-day. The system shown 
in Fig. 3A is the most convenient 
from the point of view of condensate 
measurement, as all the feed heater 
drains are cascaded back to the 
condenser. The metering instru- 
ment may therefore be inserted 
immediately after the extraction 
pump, where the temperature is 
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low, and the temperature correction on the 
Venturi meter reading will consequently be small. 
The temperature being low, weigh tanks may also 
be used quite conveniently if inserted at the same 
point. 

Fig. 3B shows a similar plant layout with the 
exception that the heater drains are cascaded 
back to No. 1 heater, from which they are drawn 
by the drain pump and pumped forward into the 
condensate main between Nos. 1 and 2 heaters. 
The metering instrument clearly must be placed 
beyond the point where these drains join the 
condensate main if it is to record the total steam 
to the turbine. The temperature before No. 2 
heater, however, will be around 150° F. at full 
load, and this is therefore not a suitable position 
for inserting weigh tanks on account of the amount 
of vapour which would be given off. In such a 
case the weigh tanks would be inserted before 
No. 1 heater, and the drains pumped back into 
the tanks, as shown in Fig. 3C. The loss in 
efficiency caused by pumping the drains back in 
this way instead of forward into the main between 
the two heaters would only be of the order of 
0.03 per cent. 

Fig. 7 illustrates a third system, employing 
direct contact low-pressure heaters, in which the 
bled steam supplied to the heater is condensed 
by direct contact with the condensate, the re- 
sulting combined condensate being pumped 
forward into the next heater. The first point in 
the system at which the whole of the condensate 
will be present is thus after No. 2 heater where, 
however, the temperature will be around 240° F. 
at full load. This is above the boiling point, and 
weigh tanks cannot therefore be used, but 
measurement can still be made by Venturi meter. 

Where there is a choice between the two 
methods of measurement, the Venturi meter is 
often chosen because its use entails less disturb- 
ance of the normal running routine, and limita- 
tions of space render the installation of weigh 
tanks undesirable; though measurement by 
weigh tanks is the more accurate of the two 
methods. The more important points involved 
in both methods are set out below. 


CONDENSATE MEASUREMENT BY VENTURI 
METER. 

The Venturi tube, as a very well-known 
differential pressure device, needs little descrip- 
tion. Pressure tappings are made at the inlet and 
throat of a convergent-divergent tube, the 
differential pressure between inlet throat 
being given, according to Bernoulli's Theorem 
and assuming a coefficient of unity, by the 
expression :— 


Differential pressure 1 (ZY TEC 2 
2ge\A a 


where M=mass flow. 
e —density of fluid, 
A=inlet area. 
a =throat area. 


° 


MULTIPLYING CONSTANT 
8 


TEMPERATURE “F 


Fig. 4.—Venturi meter temperature correction curve. 


The mass flow for a given pressure difference is 
thus proportional to the square root of the density 
and to the cross-sectional area of the tube, both of 
which are dependent on temperature. The meter 
is calibrated initially to read the flow at a standard 
water temperature, usually 62° F., and the test 
reading must therefore be multiplied by the 
following correction factor :— 

Multiplying constant = 


where « =linear coefficient of expansion of tube 
material. 

In Fig. 4 this multiplying constant is plotted 
against temperature for a tube fitted with 
gunmetal liners. A curve is also plotted showing 
the multiplying constant taking account of change 
of density only, and neglecting the expansion of 
the tube. 

The differential pressure is recorded by a 
mercury manometer, the change in level of the 
mercury being recorded either by mechanical or 
electrical means. The ordinary commercial instru- 
ment has not the required accuracy for official 
test purposes, and it is necessary to use a special 
test indicator, sometimes in conjunction with the 
existing tube, but very often requiring a special 
tube inserted in place of the existing tube for the 
duration of the tests. In the test indicator the 
change in level of the mercury is transmitted 
mechanically through a float and link gear to a 
pointer moving over a very open scale graduated 
directly in flow units, e.g., lb/hr. 

It is necessary to carry out calibration tests at 
the manufacturer’s works on the tube and indi- 
cator, at the flows at which the official tests will 
be run. If the run of piping adjacent to the tube 
is not very suitable for accurate recording, it may 
be advisable to carry out the calibration tests 
with the actual piping connected up to the tube ; 
this should not be necessary if there are at least 
ten diameters of straight piping upstream of the 
tube, and at least five diameters downstream. In 
these calibration tests a measured quantity of 
water is passed through the Venturi meter from 
a test tank over a period of about ten minutes, the 
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interval being timed by stop-watch, and the 
indicator being read every half-minute. The 
correction to be applied to the meter reading 
rarely exceeds 1 per cent., and is usually of the 
order of +-} per cent. When installing the tube at 
site, care must be taken to ensure that there are 
no obstructions such as are caused by joints being 
too small in the bore. The test indicator is 
assembled at site, and is fitted with a mercury 
manometer by means of which the indicator may 
be set preparatory to use, data being supplied by 
the makers giving the differential head across the 
instrument at various indicator readings. During 
an official test Venturi indicator readings are 
usually taken every half-minute, unless there is 
considerable surging, when readings may be taken 
every quarter-minute. 


CONDENSATE MEASUREMENT BY WEIGH 
TANKS. 

As already stated, this is the most accurate 
method of condensate measurement, since no 
corrections at all are required on the actual 
readings. After assembly at site, the weighbridges 
are certified correct by the local Inspector of 
Weights and Measures, so that there is no question 
of their accuracy. 

In Fig. 5 is shown a typical layout of weigh 
tanks suitable for measuring flows up to 300,000 
lb/hr. The water is discharged alternately into 
two weigh tanks, each 7 ft. cube and each 
mounted on a 10-ton transportable weighbridge. 
The water is discharged from the weigh tanks 
into a 16 ft. «x 12 ft. x 4 ft. collector tank, from 
which it is pumped back into the feed system by a 
pump provided for the occasion of the tests. 


It has been found preferable to fill each tank 
over a certain time interval, rather than to 
attempt to fill with the same quantity of water 
each time. Experience has shown that the mini- 
mum time interval for a fill is three minutes, 
during which time one tank has to be weighed 
full, emptied and weighed empty, whilst the other 
tank is being filled. During tests at lower loads 


SWive, 


the time interval would be correspondingly 
increased, as a three-minute sequence for two 
hours involves considerable strain on the opera- 
tors. 


It is necessary to distinguish between the 
water received by the weigh tanks during a given 
test period, and the water discharged from the 
collector tank in the same period. The difference 
arises largely as a result of variation in the level 
of the collector tank, but is also affected by 
differences in the weights of water held in the 
weigh tanks, at the beginning and end of the test. 
The distinction between these two sets of readings 
becomes important if at the same time a check 
reading is being taken on a Venturi meter in the 
feed line after the tanks. Otherwise only a very 
small correction has to be made to the test steam 
consumption to allow for the fact that, if the 
water passed through the heaters after the tanks 
is greater or less than the steam consumption, 
then more or less steam has to be bled to the 
heaters. 

The steam consumption of the machine is 
recorded by the water received by the weigh tanks 
during the test period of, say, two hours. For the 
purpose of assessing the steam consumption, each 
water weight is therefore the difference of the tank 
weight when full and the preceding tank weight 
when empty. 

The quantity passing through the feed heaters 
after the tanks, during the same two-hour period, 
is recorded by the water discharged from the weigh 
tanks, with allowance for the variation in level 
of the collector tank between the beginning and 
end of the test. For the purpose of assessing the 
water passing through the heaters during the 
test, each water weight is therefore equal to the 
weight full minus the following weight empty. 

The actual method by which these measure- 
ments are made is best seen from the following 
directions giving the sequence of operations. The 
tanks are put into operation prior to the com- 
mencement of the test, and a flying start is 
therefore made. 
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Fig. 5.—Typical layout of weigh tanks. 
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SEQUENCE OF OPERATIONS FOR A 2-HOUR TEST 

WITH A 4-MINUTE FILLING INTERVAL. 

(1) Before commencing to operate tanks let 
water run continuously through tank 2. 

(2) 8 minutes before tests are due to start, 
switch over to and start filling tank 1, at same 
time starting auxiliary stop-watch, which is 
used only for timing the next two fills. 

(3) Fill tank 1 for 4 minutes. Do not weigh, 
but empty directly. When empty, close valve 
and weigh. 

(4) At 4 minutes, switch over to tank 2 and 
fill for 4 minutes. 

(5) At 8 minutes switch back to tank I, 
simultaneously recording the collector tank 
level, starting the main stop-watch and giving 
a signal for the start of the official test. 

(6) Weigh tank 2 full. 

(7) Empty tank 2. When empty, close 
valve and weigh empty. Then the first weight 
of water to go through the heaters is equal to 
the weight full minus this weight empty. 

(8) At 12 minutes (4 minutes after start of 
official test) switch back to tank 2. 

(9) Weigh tank 1 full. Then the first weight 
of water to be reckoned in the steam consum- 
tion is equal to the weight full minus the pre- 
ceding weight empty. 

(10) Continue in this manner throughout the 
test. 

(11) 4 minutes before the end of a 2-hour 
test, tank 1 is full and is weighed full. Tank 1 


is then emptied, and when empty the valve is 
closed and the tank re-weighed. 
empty 


This weight 


substracted from the previous full 
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weight gives the last weighing of water that 

passes through the heaters during the test. 

(12) At the end of a 2-hour test, a signal is 
given, the collector tank level is recorded, 
tank 2 is full and is weighed full. The difference 
between the weight full and the previous 
weight empty is the last weighing of water for 
steam consumption purposes. 

It has to be remembered that when the change- 
over from normal running to tank operation is 
being made, the main extraction pump discharge 
valve must be throttled down, for when this pump 
is discharging to the tanks it is operating under 
a much reduced head, as it is no longer under the 
influence of the surge tank static head. 


SIMULTANEOUS MEASUREMENT BY VENTURI 
METER AND WeIGH TANKS. 


It is sometimes desired to record the flow by 
weigh tanks, and at the same time to take the 
opportunity of checking the reading of an existing 
Venturi meter. 

The Venturi meter may be installed in the line 
before or after the tanks. If before the tanks, the 
meter reading should agree with the steam con- 
sumption recorded by the weigh tanks ; whereas, 
if placed after the tanks, the meter reading should 
agree with the water discharged from the tanks, 
as measured by the method outlined above. 

If the Venturi tube is situated between the main 
condensate pump and the weigh tanks, the tank 
inlet valve, which is placed downstream of the 
tube, should be throttled instead of the main 
extraction pump discharge valve, otherwise there 
may be insufficient pressure at the Venturi to 


Fig. 6.—Diagrammatic arrangement of modern feed heating plant. 
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Fig. 7.—Feed system incorporating direct-contact low-pressure heaters. 


prevent vaporisation at the throat which would 
result in a faulty reading. 

The reading of a Venturi meter placed before 
the tanks is likely to give a more accurate reading 
than one placed after, as once conditions are 
steady, the tank inlet valve requires no adjust- 
ment during the tests ; -whereas the fluctuating 
level in the collector tank, and a certain amount 
of hand control which is usually required, during 
a test, on the collector tank pump discharge 
valve, tend to produce a surge on a Venturi meter 
placed after the tanks. 


ISOLATION OF TURBINE AND FEED HEATING 
PLANT DURING TESTS. 


Having decided on the method of condensate 
measurement, there remains the greatest problem 
of all in a modern plant, that of making absolutely 
certain that no unmeasured water enters or 
escapes from the system, and that the plant is 
operating in every way under the specified 
conditions. These difficulties arise not only from 
the increasing complication of the feed systems of 
to-day, but also from the fact that the feed 
system of one machine is as closely inter-connected 
as possible with the feed systems of other sets in 
the station, in order to ensure maximum safety 
and availability of plant. A glance at the feed 
diagrams shown in Figs. 6 and 6A shows very 
clearly the complexity of the modern plant when 
compared with the simple system from which it 
originated, and Figs. 1 and 2 which illustrate 
a model of the actual plant layout of Fig. 6 help 
to emphasize this point. 

Fig. 6A shows the original simplicity of a 
condensing turbine plant. The condensate is 
drawn from the condenser and passes through the 
air-ejector heater on its way to the hotwell. The 


air ejector first stage drain is taken to the con- 
denser, and this quantity must therefore be 
deducted from the measured condensate. Vari- 
ation in level of the condensate in the condenser 
between beginning and end of a test, and con- 
denser tube leakage are the only possible sources of 
inaccuracy in the measurement of the condensate 
quantity, other than inaccuracy due to instrument 
errors. 

Although, when testing the plant shown in 
Fig. 6 the aim is still to determine the quantity 
of steam passing through the turbine stop valve 
by measuring it as condensate, the problem is no 
longer the simple one depicted in Fig. 6A. In 
order to give a clearer picture of the passage of 
the condensate through the feed system, the 
diagram has been redrawn in Fig. 7 to show only 
the condensate line, with its surge system, and the 
heater drainage lines. It then becomes clear that 
the following constitute possible major sources of 
inaccuracy :— 

(1) Condenser tube leakage. 

(2) Tube leakages in Nos. 3, 4 and 5 heaters 
recirculated through the Venturi meter. 

(3) Leakage past float valve in hot-storage 
tank causing recirculation through cold-storage 
tank and through the Venturi meter. 

(4) Boiler feed pump non-return valve leak- 
off (shown dotted in diagram) causing recircu- 
lation through cold-storage tank and through 
the Venturi meter. 

(5) Variation in level of cold-storage tank 
during the test. 

(6) Leakage past valves in lines connecting 
cold-storage tank of the set under test with 
cold-storage tanks of other sets. 

These possibilities can be seen immediately 
from the simplified diagram in Fig. 7, but there 
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are many others not shown, and which space will 
not allow to be shown diagrammatically. It is, 
however, of great importance that all the possible 
sources of inaccuracy should be located, and the 
following fairly comprehensive list gives some idea 
of the magnitude of the problem. The majority, 
but not necessarily all, of those listed will be 
present in most modern large plants. 

Steam Piping. 

(1) Leakage of live steam to condenser past 
valves in steam chest and steam bend drains. 

(2) Leakage past valve in live steam packing 
supply to turbine glands. This valve is 
normally shut on load, when steam from the 
high-pressure steam end gland is used to pack 
the remaining glands. 

(3) Excessive leakage past stop valve and 
control valve spindle leak-offs, which are usually 
led to a low-pressure tapping point. 

(4) Leakage of steam from high-pressure 
heaters to condenser due to heater vent valves 
being left open. 

(5) Where steam-driven boiler feed pumps 
exhausting into the feed system are used, these 
must exhaust to atmosphere during tests. Also, 
the boiler feed pump turbine gland leak-offs 
must be led to atmosphere instead of into the 
main condenser. Both these lines are possible 
sources of leakage. 

Condensate and Feed Piping. 

(6) If the Venturi meter is placed between 
the extraction pump and the air ejector, 
leakage past the condensate recirculating valve 
will be registered on the Venturi. Similarly, 
tube leakages in the ejector heater and all the 
feed heaters will be recirculated through the 
Venturi if the drains are cascaded back to the 
condenser. 

(7) Where weigh tanks are in use, leakage 
past the valves V, and V, in Fig. 5 will give an 
artificially high reading ; not, as might at first 
be expected, a low reading. The reason for this 
is that the pressure after the valves is deter- 
mined by the surge tank head, and is therefore 
higher than the pressure before the valves, 
which is only slightly above atmosphere. 

(8) Sometimes feed water is tapped off the 
system to supply a desuperheater. As this is 
usually taken directly off the boiler feed pump 
discharge, it will not pass through the H.P. 
heaters, and so will tend to reduce the steam 
consumption. 

(9) The boiler feed pump gland-sealing water 
may be supplied from the extraction pump 
discharge. This will by-pass the Venturi meter 
and low-pressure heaters. 

(10) Leakage of feed water past the needle 
control valve on the high-pressure heater 
automatic by-pass valves is usually led back 
into the condenser via the open drain tank. 
This will therefore be recirculated through the 
Venturi meter. 
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Miscellaneous. 

(11) Leakage of sealing water past atmos- 
pheric relief valve into condenser. This water 
comes from an external tank. 

(12) Leakage past valve in emergency filling 
connection to condenser. 

(13) Leakage past valves in distilled water 
or town water connections to surge or storage 
tanks causing extraneous water to enter the 
system. 

(14) Leakage past tank-drain valves causing 
loss of water from the system. 

(15) External boiler drains may enter the 
system, e.g., via a blow-down cooler. 

(16) Recirculation through the Venturi meter 
will be caused by high-pressure heater drain 
trap vents being left open when on load, as 
water will be drawn up the vents, and so into 
the condenser. 

(17) When gland condensers are fitted to 
take the leakage steam from the turbine glands, 
the leak-offs should be correctly adjusted, so 
that an excessive amount of steam is not being 
condensed. The condensed steam is usually 
taken to the condenser via the open drain tank, 
and is therefore recorded in the flow. Excessive 
condensation in the six gland condensers of a 
machine might represent as much as } per cent. 
of the steam consumption during a test at the 
lower loads. 

Lastly, but by no means of least importance, 
comes the necessity of isolating the feed system 
of the plant under test from the feed systems 
of other sets in the station. 

It may appear that undue stress has been placed 
on possible valve leakages, but it must be re- 
membered that a valve may not only leak when it 
is actually closed but may be inadvertently left 
slightly open if the spindle is tight. With so many 
possible sources of error, it is unwise to overlook 
any one of these possibilities if an accurate 
determination of the steam consumption is 
required. In only a very limited number of cases 
is it necessary to insert blanks in the pipe; a 
large number of the points can be checked by 
simple observation. 

It will be appreciated that nearly all of the 
above sources of inaccuracy result in an artificially 
increased figure for the steam consumption of the 
plant, and that unless stringent precautions are 
taken to eliminate them, the measured water rate 
will almost invariably be on the high side. 

After the tests are completed, the figures 
obtained must be corrected back to the specified 
conditions by means of steam or heat consumption 
correction curves, but space will not allow of 
further consideration of the many points involved 
in these calculations. Enough has been said, 


however, to show that the testing of modern 
steam turbine plant requires a high degree of 
technical knowledge, accurate equipment and 
skilled personnel if the desired degree of accuracy 
is to be obtained. 
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